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Amino acid biosynthesisAll cockroaches, with the exception of one cave-dwelling genus, harbor endosymbiotic bacteria, Blattabacterium.
After much confusion concerning their function, recent genomic studies indicate that Blattabacterium synthesize
amino acids, vitamins, and other compounds. However, the Blattabacterium genomes sequenced so far suggest
that the endosymbionts are variable in their genome size, gene composition, and compounds they synthesize.
Therefore, there is a need for sequencing additional Blattabacterium genomes to fully comprehend their evolu-
tion. Here, we report the complete genome sequence of Blattabacterium (BNCIN) harbored by the hostNauphoeta
cinerea (Blaberidae). The BNCIN genome is 622,952 bp long and consists of 581 protein coding regions and 627
genes of putative function. The genome of BNCIN is comparable, with a few structural and functional differences,
to the genomes of the other sequenced Blattabacterium. The endosymbiont is involved in complete or partial syn-
thesis of 15 amino acids.
© 2013 Elsevier Inc. All rights reserved.1. Introduction
Cockroaches (Blattodea) represent an ancient and diverse lineage of
winged insects [1]. Largely tropical, a vastmajority of the approximately
5000 species inhabit forested areas and generally feed on decaying,
nitrogen-poor organic matter [1]. The handful of species that have
adapted to an association with humans are the only ones that have
been studied in detail, with little information available for the biology
of those taxa that live in thewild. Thus, the biology including life history,
feeding habits, and behavior remains unknown for many cockroach
species.
Currently cockroaches are subdivided into ﬁve families, with some
debate over whether or not the monogeneric family Cryptocercidae is
monophyletic with the rest of the cockroaches [2]. The other four families
are Blattidae, Blattellidae, Polyphagidae, and Blaberidae. Although there
is no universal agreement on cockroach classiﬁcation [3], Blaberidae is
widely regarded as a derived family among cockroaches sensu stricto
[1,3] with diverse biology, life history, and distribution.
All cockroaches, with the exception of Nocticola, the cave dwelling
genus, harbor within their fat bodies endosymbiotic bacteria [4–6] of
the genus Blattabacterium, belonging to the class Flavobacteria and the
phylum Bacteroidetes [7–9]. The relationship between the host and
the endosymbiont is an obligate one. Before the recent sequencing of
the Blattabacterium genomes (see below), their function was subject
to speculation [8]; however, now it is clear that the endosymbionts
are involved in amino acid and vitamin synthesis from nitrogenousghts reserved.waste products [8,9]. Within cockroaches, surplus nitrogen, concentrat-
ed into uric acid for storage, is containedwithin fat body cells [10]. Cock-
roaches excrete ammonia as the nitrogen waste product, unlike most
insects which excrete waste nitrogen as uric acid. It is likely that
Blattabacterium are capable of utilizing both urea and ammonia because
they contain an active urease as well as a urea cycle that converts host
urea to ammonia [11,12]. In addition, increase in dietary nitrogen con-
sumption by the host cockroach correlates with increased uric acid
buildup within fat bodies [10,12].
SevenBlattabacterium genomeshave been sequenced to date from the
following hosts: Periplaneta americana (BPLAN) [13], Blattella germanica
(BBge) [14], Cryptocercus punctulatus (BCpu) [15], Blaberus giganteus
(BGIGA) [16], Blatta orientalis (BBor) [17], Panesthia angustipennis
(BPAA) [18] and the termite Mastotermes darwiniensis (MADAR) [19].
These genomes, while largely similar to one another, also exhibit differ-
ences in structure and function, indicating considerable independent evo-
lution among lineages harbored by various host species (see Results and
discussion for details).
Blattabacterium are excellent models for studying genome evolution
in endosymbionts for a number of reasons. Cockroaches represent an
evolutionary lineage consisting of diverse and ancient taxa that have
adapted to many habitats and exhibit broad nutritional ecology. While
phylogenetic analysis supports co-cladogenesis between cockroaches
and Blattabacterium [20,21], the gene composition among Blattabacterium
harbored by different host species varies suggesting selection that
may be correlated with host nutritional ecology. On the other hand,
Blattabacterium, like other vertically transmitted endosymbionts, are an
interesting case study in the interplay between natural selection and ge-
netic drift because they undergo a bottleneck with each host generation.
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passed on into the next generation of the host is presumably random and
allows for only a subset of the bacteria to be passed on from themother to
her offspring [22]. Thus, both natural selection and random genetic drift
likely play a role in genome evolution of Blattabacterium as was demon-
strated for Buchnera [23] and Blochmannia [22].
Here, we report on the full genome sequence of Blattabacterium from
the host cockroach, Nauphoeta cinerea (BNCIN), belonging to the family
Blaberidae. N. cinerea has been the subject of many behavioral and sexual
selection studies in laboratory settings [e.g., 24,25]; however, little is
known about its natural history. We compare the genome structure
and function of Blattabacterium from N. cinerea to those from other
Blattabacterium and elucidate the similarities and differences among
them.2. Results and discussion
One 454 sequencing run resulted in approximately 300 Mb of DNA
sequence data. The quality of the readswas excellent, with a vastmajor-
ity of the reads being assigned the highest quality scores. Newbler as-
sembled the raw reads into 56,734 contigs of varying lengths (ranging
from about 100 bp to greater than 250 kb in length). Of the 56,734
contigs, 10 contigs belonged to Blattabacterium and the rest, presum-
ably, to the host. The 10 contigs, made up of 155,529 reads, contained
the entire genome of Blattabacterium. With an average read length of
about 450 bp, the 155,529 reads totaled nearly 70 Mb of sequence
data or an average Blattabacterium genome coverage of 112-fold.
The Blattabacterium genome (chromosome) from N. cinerea is
622,952 bp in length and has much in common with the other
Blattabacterium genomes that have been sequenced to date (Table 1).
All Blattabacterium genomes are highly reduced compared to those of
their free-living relatives [26,27]. The BNCIN genome is about 98.5% iden-
tical in nucleotide sequence to that from B. giganteus (also in Blaberidae).
The base composition was AT-biased with a GC content of 26.2% as has
been the case with other Blattabacterium [17]. The average length of the
open reading frames (ORF) is 1005 bp.
In addition, the endosymbiont harbored a 3674 bpplasmid. The bac-
terial annotation system, BASys [42], identiﬁed 5 genes within the plas-
mid. These were annotated as ribonucleoside-diphosphate reductase
subunit beta, deoxyuridine 5′-triphosphate nucleotidohydrolase, and
three hypothetical proteins. The number of genes in the plasmids of
other Blattabacterium varies from 3 (BCpu) to 7 (BBor), with most con-
taining 4 genes (Table 1). The percent identity of the BNCIN plasmid
genes to plasmid genes from other Blattabacterium ranged from 90% to
71% with a mean of 81%. Four of the 5 genes were most similar to
those contained in the plasmid of Blattabacterium from P. angustipennis
[18], the host species being in the same family as N cinerea. TheTable 1
Genome characteristics of BNCIN compared to seven other published Blattabacterium strains. Ho
P. americana; BCpu, C. punctulatus; BPAA, Panesthia angustipennis; MADAR, M. darwiniensis;
chromosome and the plasmid. The two numbers for G + C content indicate the percent G +
indicates the genes in both bacterial chromosome and plasmid. The two numbers under CDS
the authors of the original study [18] did not provide pertinent information.
BNCIN BGIGA BBge
Genome size (bp) 622,952 632,588 640,935
Plasmids 1 1 1
Plasmid size (bp) 3675 3423 4085
Chromosome size (bp) 622,952 629,165 636,850
G + C content (%) 26.2/20.6 25.7/30.9 27.1/29.8
Total number of genes 627 616 631
Total CDS 581 + 5 573 + 4 586 + 4
rRNAs 3 3 3
tRNAs 32 34 34
Other RNAs: tmRNA, ffs, rnpB 1 1 3
Pseudogenes 5 1 1hypothetical protein 2 from the plasmidwithin BNCINwasmost similar
to that from the plasmid in BBor [17].
All existing Blattabacterium genomes were aligned in Geneious to
examine synteny. To a large extent, the genomes were similar in struc-
ture. As noted by others [15,17,19], BCpu and MADAR are most diver-
gent in gene composition relative to the remainder of the sequenced
Blattabacterium genomes. The BNCIN genome, not surprisingly, was
most similar in structure to that from B. giganteus and P. angustipennis,
both of which are in the family Blaberidae. However, we did notice
that relative to BBge, BNCIN exhibited 9 major deletions. We decided
to focus on the gaps between BNCIN and BBge because the indels cumu-
latively spanned a few thousand base pairs and encompassed several
genes. The gaps were conﬁrmed using PCR ampliﬁcation using primers
anchored in the ﬂanking regions (primer sequences available on re-
quest). Each of the gaps included one or more genes present in BBge
but not in BNCIN. The genes deleted in BNCIN relative to BBge are: uracil
DNA glycosylase, phosphoadenylyl-sulfate reductase, sulfate adenylyl-
transferase subunit 1, uroporphyrinogen-III C-methyltransferase, sulﬁte
reductase (NADPH) hemoprotein subunits alpha and beta, hydroxy-
methylbilane synthase, K+ uptake transporter subunit KtrA, and
hypothetical proteins BLBBGE_594 and 595. Many of the above de-
leted genes are involved in sulfur metabolism [28]. BNCIN is incapa-
ble of completely synthesizing methionine and retains the ability to
synthesize cysteine, the two sulfur-containing amino acids. A compar-
ison of gene composition among all genomes with the exception of
BNCIN and BPAA was provided in [17].
2.1. Gene composition
We identiﬁed a total of 581 ORFs in the BNCIN genome, plus 5 more
ORFs on BNCIN's plasmid. These numbers are similar to ORF counts from
other Blattabacterium genomes sequenced to date (Table 1). Almost all
the genes essential for DNA replication, RNA transcription, and mRNA
translation machinery are present. Thirty-two tRNA genes, capable of
transferring all amino acids and a single transfer-messenger RNA
(tmRNA) gene were identiﬁed. Three ribosomal RNA genes (rRNA)
were also present.
The COG composition for all sequenced Blattabacterium genomes is
shown in Fig. 1. All the Blattabacterium genomes sequenced to date
appear to be highly similar across the COG categories. One possible
exception is COG category E (amino acid transport and metabolism),
in which both BCpu and MADAR seem to have fewer genes than the
other Blattabacterium. Not surprisingly, BNCIN, like other strains of
Blattabacterium, has lost virtually all genes coding for cell motility, a
trait not needed within the controlled environment of an insect host.
COGs responsible for secondary metabolite biosynthesis, transport,
and catabolism, as well as signal-transduction mechanisms are also no-
ticeably absent within the genome.st species abbreviations: BNCIN,N. cinerea; BGIGA, B. giganteus; BBge, B. germanica; BPLAN,
BBor, B. orientalis. Genome size includes number of base pairs in the both the bacterial
C on the bacterial chromosome and the plasmid, respectively. Total number of genes
represent number for chromosome and plasmid, respectively. An asterisk indicates that
BPLAN BBor BPAA BCpu MADAR
640,442 638,184 632,490 609,561 590,336
1 1 * 1 1
3448 3735 * 3816 3088
636,994 634,449 * 605,745 587,248
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Fig. 1. COG composition of the eight Blattabacterium genomes. Letters refer to COG functional categories as follows. C— Energy production and conversion; D— Cell division and chromosome
partitioning; E — Amino acid transport and metabolism; F — Nucleotide transport and metabolism; G — Carbohydrate transport and metabolism; H — Coenzyme metabolism; I — Lipid
metabolism; J— Translation, ribosomal structure and biogenesis; K— Transcription; L— DNA replication, recombination and repair; M— Cell envelope biogenesis, outermembrane; N—
Cell motility; O — Post-translational modiﬁcation, protein turnover, chaperones; P — Inorganic ion transport and metabolism; Q — Secondary metabolites biosynthesis, transport, and
catabolism; R — General function prediction only; S — COG of unknown function; T — Signal transduction mechanisms. Host species abbreviations are as follows: BNCIN, N. cinerea;
BGIGA, B. giganteus; BBge, B. germanica; BPLAN, P. americana; BCpu, C. punctulatus; MADAR,M. darwiniensis; BBor, B. orientalis; BPAA, P. angustipennis.
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We reconstructed the putative metabolic pathways using KEGG's
automatic annotation server, KASS, which revealed that BNCIN has the
required genes for the biosynthesis of most, but not all, amino acids.
Speciﬁcally, the BNCIN genome is lacking a full complement of genes
for the stand-alone synthesis of methionine, asparagine, and glutamine
(Table 2). However, alternate pathways may exist for the synthesis ofTable 2
A direct comparison between seven published Blattabacterium genomes and BNCIN with re-
spect to their individual abilities to synthesize the 10 essential and 10 non-essential amino
acids. S represents a complete metabolic pathway, and thus the ability to synthesize the
given amino acid without intervention from the host organism; – represents an incomplete
metabolic pathwaywhere the amino acid is not produced by the endosymbiont; I represents
an incompletemetabolic pathwaywhere someenzyme-coding genes, usually involved in the
terminal step, are missing from the genome, but the amino acid is still synthesized by the
endosymbiont. See text for details. Host species abbreviations are as follows: BNCIN,
N. cinerea; BGIGA, B. giganteus; BBge, B. germanica; BPLAN, P. americana; BBor, B. orientalis;
BPAA, P. angustipennis; BCpu, MADAR,M. darwiniensis; C. punctulatus.
BNCIN BGIGA BBge BPLAN BBor BPAA MADAR BCpu
Essential
Histidine S S S S S S S S
Isoleucine S S S S S S – –
Leucine S S S S S S – –
Lysine S S S S S S S I
Methionine – – S – – – – –
Phenylalanine S S S S S S S S
Threonine S S S S S S – –
Tryptophan S S S S S S – –
Tyrosine S S S S S S S S
Valine S S S S S S – –
Nonessential
Alanine I S S S S S S S
Arginine S S S S S S S I
Asparagine – – – – – – – –
Aspartate S S S S S S S S
Cysteine S S S S S S S –
Glutamate S S S S S S S S
Glutamine – – – – – – – S
Glycine I S S S S S S S
Proline I – – S – – S S
Serine I S S – S S S Ssome of the amino acids (see below). In addition, BNCIN possesses in-
complete pathways (incomplete being deﬁned as missing the terminal
step for the synthesis of a given amino acid) for alanine, glycine, proline,
and serine. By comparing the amino acid synthetic pathways of BNCIN
with the seven other described Blattabacterium genomes [13–19], it is
evident that none of the Blattabacterium possess a full complement of
genes for all of the amino acids. In general, the various Blattabacterium
strains vary considerably in the range of amino acids they are capable
of synthesizing. Only 5 amino acids, namely, histidine, phenylalanine, ty-
rosine, aspartate, and glutamate, are synthesized by all Blattabacterium
strains sequenced to date (Table 2). However, excluding MADAR and
BCpu, the rest of the strains are capable of synthesizing all of the essential
amino acids, with the exception of methionine. Only BBge is capable of
synthesizing all of the essential amino acids, including methionine [14].
BNCIN's pathways for the metabolism of sulfur have been reduced
when compared to the other Blattabacterium, although it remains
more complete than the sulfur pathway possessed by BCpu, which has
lost all genes needed for sulfurmetabolism except for the gene encoding
sulﬁte reductase (NADPH) ﬂavoprotein alpha-component [15], which
has been described to have additional functions such as electron relay
[29] and thus may have been retained within BCpu. BNCIN has lost the
ability to reduce intracellular sulfate to sulﬁte. When compared to BBge
and MADAR, BNCIN has lost the genes required for the coding of 3′-
phosphoadenosine 5′-phosphosulfate synthase and phosphoadenosine
phosphosulfate reductase, although both BBge and MADAR lack the
gene necessary for the conversion of adenosine-5′-phosphosulfate
(APS) into 3′-phospho adenosine-5′-phosphosulfate (PAPS); BNCIN
lacks the gene for this step as well. However, the BNCIN genome does
encode sulﬁte reductase (NADPH) ﬂavoprotein alpha-component, cysJ,
the function of which is to facilitate the reduction of sulfate into hy-
drogen sulﬁde [29]. This sulﬁde is then incorporated into the two
sulfur-containing amino acids L-cysteine and L-methionine. This in-
dicates that BNCIN receives sulfate from an outside source for the
production of cysteine and methionine. In BNCIN, cysteine is syn-
thesized from L-serine via enzymes serine O-acetyltransferase and
cysteine synthase A.
Like other sequenced Blattabacterium strains, BNCIN does not gener-
ate methionine by cysteine transsulfuration, as was previously sug-
gested by experimental evidence [30,31]. Genomic analysis revealed
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O-acetyltransferase, metX, and cystathionine gamma-synthase, metB.
Normally, homoserine O-acetyltransferase yields O-acetyl-L-homoserine,
although in this alternate pathway, the need for acetylhomoserine is
bypassed by the production of homocysteine by cystathionine beta-
lyase using O-phosphohomoserine and cysteine.
While Blattabacterium can make arginine from glutamate, it is lack-
ing the ﬁnal step for the production of proline on its own, suggesting
an incomplete ornithine–urea cycle [32,33]. There are two similar, but
separate, pathways for the production of proline from the urea cycle,
and genomic analysis indicated that genes for the ﬁnal enzyme of
both of these pathways are missing in the BNCIN genome. While the
Blattabacterium genome does code for the ornithine–urea cycle it does
not possess the gene coding for ornithine cyclodeaminase, the enzyme
responsible for the conversion of ornithine into proline. Therefore,
Blattabacterium must either acquire ornithine cyclodeaminase from its
host in order to produce proline from ornithine, or it must acquire pro-
line in its entirety from thehost. Urea and ammonia are both products of
proline biosynthesis through arginine degradation. These products can be
used by BNCIN-encoded glutamate dehydrogenase and urease to produce
glutamate. This method of proline biosynthesis does conserve nitrogen;
thus, BNCIN, like other Blattabacterium, produces amino acids through
the recycling of nitrogenous wastes.
2.3. Metabolic pathways
BNCIN has a slightly reduced capacity for DNA repair compared to
BBge and BPLAN, lacking the ability to produce uracil-DNA glycosylase,
which eliminates uracil from DNAmolecules in order to prevent muta-
genesis [34]. BNCIN also lacks coding for ATP-dependent DNA helicase
(PcrA). This reduction in repair function, however, is not as severe as
that displayed by MADAR, which possesses even fewer genes required
for DNA repair [19].
Few substrate-speciﬁc transporters, especially those involved in
amino acid uptake or secretion, were identiﬁable in the BNCIN genome.
This is consistent with other insect nutritional endosymbionts. Like
other Blattabacterium species, BNCIN encodes the alternate sigma factor
RpoN (RNA polymerase sigma-54 factor), which functions as a tran-
scriptional regulator of genes involved in nitrogen assimilation. While
RpoN is encoded by all Blattabacterium sequenced to date, it is absent
in most other insect sequenced endosymbiont genomes [13].
Genomic analysis of BNCIN also indicated the presence of a short-
ened glycolysis pathway. The genes coding for phosphofructokinase
(PFK) (a metabolite needed at the beginning of the pathway to convert
beta-D-fructose-6-phosphate into beta-D-fructose-1,6 biphosphate),
and pyruvate kinase (PK) (required for the conversion of phosphoenol-
pyruvate into pyruvate) are both missing from the genome. Like other
Blattabacterium, BNCIN likely produce pyruvate via NADP+-dependent
malate dehydrogenase [14].
2.4. Conclusion
Blattabacteriumwithin N. cinerea is a nutritional endosymbiont that
is genetically and functionally similar to Blattabacterium harbored by
other cockroach species, involved in nitrogen metabolism and entailing
the recycling of nitrogen fromammonia and urea aswell as the provision-
ing of amino acids to its host. Blattabacterium are unique among insect
nutritional endosymbionts in that they have retained the transcrip-
tional regulator RpoN, and in this respect BNCIN is similar to other
Blattabacterium. BNCIN, like other insect endosymbionts, has a drastical-
ly reduced genome which lacks almost all speciﬁc transporters and
regulatory genes, an indication of the highly specialized and dependent
nature of insect endosymbionts. The metabolic capacities provided to
the cockroaches by Blattabacterium likely played an important role in
the expansionof ecological niches for cockroaches allowing for the exploi-
tation of nitrogen-poor or nitrogen-variable food sources. Like othercockroach endosymbionts, BNCIN lacks a uricase homolog, which is inte-
gral to the utilization of uric acid as a way to store nitrogen. This step,
then, is not carried out by Blattabacterium, but either by the cockroach
host itself, or by bacteria within the insect's gut [13], as is the case with
termites [35].
3. Materials and methods
3.1. Insects
N. cinereawere obtained from a colonymaintained at the Insect Zoo,
Kansas State University.
3.2. DNA isolation
DNA fromhost cockroacheswas isolated as described in [13]. Brieﬂy,
freshly frozen cockroacheswere dissected under amicroscope to collect
fat body tissue. Fat bodies were collected from 5 cockroaches directly
into 200 μl of buffer ATL in the DNAeasy kit (Qiagen). The tissue was
homogenized with a hand-held homogenizer and incubated at 55 °C
for 1 h after the addition of 20 μl of 50 μg/ml Proteinase-K. The homog-
enate was ﬁltered through a 20 μm syringe ﬁlter (Millipore). Further
steps followed the protocol recommended by the manufacturer for iso-
lating DNA from tissue.
The amount of isolated DNA was estimated on a NanoDrop 2000. To
estimate the relative amounts of host and bacterial DNA, PCR was set up
for two genes: a 660 bp portion of the Blattabacterium 16S rRNA gene
using primers from Clark and Kambhampati [20] and a 500 bp portion
of the insect 18S rRNA gene using primers from Kambhampati and
Aldrich [36]. The PCRprotocolwas: 95 °C for 3 min, followed by 35 cycles
of 95 °C for 30 s, 50 °C for 45 s, and72 °C for 45 s; theﬁnal extension step
was 72 °C for 10 min. The PCR products were run on a 1% agarose gel
stained with ethidium bromide to visualize the DNA fragments. The rela-
tive amounts of host and bacterial DNA were estimated qualitatively.
3.3. DNA sequencing
The DNA was sent to the University of South Carolina Genomics
Facility for sequencing using pyrosequencing (454 Life Sciences). The
raw sequences were trimmed and assembled by Newbler software (454
Life Sciences); the assembled sequences andquality scoreswere electron-
ically sent by the facility.
3.4. Genome assembly
The sequencing facility trimmed the primers, adapters, and linkers
from the start or end of the sequences. Contigs were assembled using
the default parameters in Newbler (454 Life Sciences). All contigs as-
sembled by Newbler were submitted to the NCBI database using blastn
and the search was restricted to Blattabacterium. Contigs with signiﬁ-
cant hits (e values of ≤e−10) were identiﬁed. Each individual contig
was then aligned using Clustal [37] to the full genomeof Blattabacterium
from the German cockroach, B. germanica [14] (GenBank Accession no.
NC_013454.1, GI: 262340793) to determine the contig's position within
the genome. The contigs were reverse complemented if necessary and
placed in the order based on their position relative to the BBge genome.
3.5. Gene annotation
Once the entire genomewas assembled relative to the reference se-
quence, it was submitted to GeneMark.hmm [38] for prokaryotes to
identify putative ORFs. “Blattabacterium sp.”, the only Blattabacterium
genome available in GeneMark at the time of the analysis, was selected
as the reference sequence. The putative ORFs were subjected to a blastp
search to determine the extent of coverage of known BBge genes. Those
predicted ORFs that consisted of only a portion of a gene (relative to the
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tion of that gene (i.e., we manually searched for and annotated those
genes that were not completely assembled byORF prediction software).
Using a combination ofmanual curation and blastp searches, we assem-
bled a predicted set of genes contained within the genome along with
their physical location on the chromosome. Transfer RNA (tRNA) and
tmRNA genes were identiﬁed using tRNAScan [38]. The entire plasmid
sequencewas contained in a single contig andwas assembled and anno-
tated as described above.
3.6. Gene ontology
To identify the putative function of each predicted gene, the curated
set of genes was submitted to KEGG [39] using BBge as the reference
sequence. Each identiﬁed pathway was examined for completeness
and the synthesis or lack thereof of each amino acid, vitamin, and other
compounds was inferred.
3.7. Comparative genomics
The assembled and annotated genome was compared to the seven
published Blattabacterium genomes using primarily Geneious [40],
Mauve [41], and NCBI's blast. Geneious was used to align the sequences
and identify the indels; Geneious and Mauve were used to examine the
synteny between pairs of genomes. COGs for all genomes were identiﬁed
using BASys, the Bacterial Annotation System [42]. The bacterial chromo-
some and plasmid genome sequence have been deposited in GenBank
under accession numbers CP005488 and CP005489, respectively.
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